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AEr.ODYlUIilC JACTOHS AFJSCTIiJO THE ABILITY 0? A PILOT TO 
RBTUSiT A^T AISPLAITS TO LSVEL PROM A BAIIEED ATTITUDE BT 
USE 0? THE EuDDER ALO'TE AIJD TTITHOUT CHAIJG-B OP HEADIITG- 

37 S. ;ic Harmon 

IIMROLUCTIOIT 

Considerable ir^jjortance Is attached by the ITavy to 
the ability 01 a pilot to return the :ring of a banked 
air-olane to level'^by use of the rudder alone and without 
a change of heading of the airplane, particularly at low 
speeds, ^here the airplane may bo in close pro:?:imity to 
the r:round or to the deck of an aircraft carrier, and a 
banked attitude might be produced by turbulent-air condi- 
tions<, Because of the resulting interest, a study has 
been Kade of the aerodynamic factors upon, which the abil- 
ity to perform the maneuver depends in an attempt to ob- 
tain a better understanding of the conditions involved 
and, if possible; to evolve critorions that may be used 
during design. 

:jotat:o]:: 



m mass of airplane 

V sideslip velocity 

g acceleration due to gravity 

rate of change of lateral force ^ith sideslip 
velocity (&Y/Sv) 

rate of change of rolling moment -rith sideslip 
velocity (oL/Sv; 

L rate of change of rolling moment ^ith rolling 
angular velocity 

p rolling angular velocity 

mk^^ moment 01 inertia about the X axis, or the plane 
of symmetry 



angle of bank, subscript 0 (initial condition) 
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T'le Toi ces :^nf. fee ^.lOiJientG are -"e^:e:;rf^f. to fee sta/oilit;;" 
axes, a system in which tne X a::is is in the plane of 
symmetry and along the relative ^ind for steady conditions 
of unyawed flight, the Y axis perpendicular to the plane 
of syraiT^etry, and the Z axis in the plane of symmetry and 
pcrpondi cular to the X axis* (See rcfercnco 1,) 

P anslo of sideslip in radians 

C]v lift cocfficioiit 
\l 2m/^ Sh 

C7 = dC^ /op 

c ^sc^/.^;l 
p 

Cy - 20v/dj3, Cv (lateral force coof f i ciont ) 
O ^ 2.718^8 

s = t (time in seconds) 

D 

V forward YelociGy- 

T = m/-^ SV 

S ^in^ area 

"b wing span 

AiaLiSIS 



[The .maneuver consists essentially in a sideslip in 
the direction of the low T7ing, The action of the dihedral 
rolls the vring back to the level position. The rudder is 
employed to counteract the turninc-; tendency resulting 
from the inherent vveathorcock sta'^^ility of the air'planOc 

In the analytical treatment of the proolem, it is 
first assumed that the maneuver can do performei. On the 
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basis of this assuraption, the yawing motion Trill "be zero 
and can be eliminated from further consideration. Sim- 
plified equations of motions are then set up and solved 
for the angles of sideslip that will occur during the ma- 
neuver. Whether or not the ^7ings will tend to return to 
the level position depends on the effective dihedral of 
the win{^s. The ability to perform the maneuver other-ise 
depends on whether the rudder is sufficiently powerful to 
produce the angles of sideslip that must occur. The mag- 
nitudes of the angles of sideslip arc dependent on the 
relation between the effective dihedral and the cross-wind 
and drag forces. 



?or a given set of conditions, 
vary somewhat with the flight -path 
Experimental data, however, have in 
cation, of power generally tends to 
effect, so that the critical condit 
on. The quantitative solutions, th 
obtained for the low-speed lcvel~fl 
the conditions are probably raos 



the angles of sideslip 
angle of the airplane, 
dicated that the appli- 
reduce the dihedral 



Ion occurs with power 
erofore, have only been 
ight condition, where 
i t iqal . 
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When the yawing is zero, the equations of lateral mo- 
tion for the condition of initial level flight are reduced 
to the form: 



(1) 



This equation implies that at the start of the maneuver 
the airplane is in a banked attitude but is neither roll- 
ing nor sideslipping. The effect of initial roll or side- 
slip i.s discussed later. The complete solution of this 
equation indicates the existence of two superimposed modes 
of motion, one a heavily damped subsidence of any inibial 
rolling and the other, the oscillation involving skidding 
and some residual rolling, similar to the usual lateral 
oscillation but involving no yawing motion. Because of 
the heavy dampinvg of the first mode^ only the oscillation 
appears to be important for the maneuver being considered. 

In reference 1 it has been suggested that the solu- 
tion for this oscillation can be approximated by assuming 
that the o.irplane is swinging laterally as a pendulum 
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a^jout a center of oscillation with a radius of curvature 
equal to -Lp/L^. l^hcn this assuiaption is made, the side- 
slipping and rolling motions are related hy the equation: 

V = (~Lp/L^)p 

i7hen this relationship is applied to equation (l) , it 
is seen that the angle of sideslip, 6 = tan"^ v /V , or 
approximately v/V, varies linearly ^ith the initial an- 
gle of han-r, Consequently, it has been found more 
convenient to deal ^rith the relation p /0q than ^rith p. 
The final solution in the nondimcnsional form then "becomes: 



,/ 



/ 



s 

2m. 



4p. C 



- C 



O 7 



X) 



J:_ / "0 r 2 



(2) 



The differentiation of equation (2) with respect to s 
when set equal to zero determines s when the angle of 
Sideslip, p, is a rnaximuu, and the result is: 



2]i 



tan 



- 1 




I I 



_P 



n 2 



(3) 



The significance of equation (3) is that 



s , 



max 



drives the 



time or distance in semispan lengths for the banked wing 



to ■become le-"-el. The maximiini angle of ?ideslip thr^t will 
occur during the maneuver: 



/4u.C , Ct 



r 



In the liiPxlting case >^here the e'-fective dihedral is zero 
t h e e qua t i o n r e due e to 

This equation (5j also rir^plies to the case where th-^ ailer 
ons are eiriployed to oalance the rolling moment due to ?ide 
slip; that is, for the steady sideslip condition. 



DESIGN CHART 



The data obtained "by solving equation (4) have "been 
plotted on figure 1. The values for the pararxeters have 
"been chosen to exceed any values likely to "be encountered 
in practice. The figure ha& "been constructed for a lift 
coefficient of 2, This value was chosen as representative 
of the "better installations of high -wing devices on mod- 
ern airplanes. Various sources have dealt with me^ns for 
computing all of the factors needed for using the chart. 
The chart, however, is intended primarily for use ^-/ith 
wind-tunnel data for specific desi^Tns. As wind-tunnel 
tests do not asually include evaluation of ^l-p,> this 

value will still have to "be obtained by c o mrjut a t i on . ^'ig- 
ure 8 of reference 2 is recommended as a convenient source 
for values for txhis factor. The effective dinedral, 
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are referred to the wlnd-tr.nnel system of axes (A = aspect 
ratio). The lat era l^f orce coefficient Oy = - rr~ x 57.3 - C^, 

The values of used in the preceding equation should he 

taken when the ya'^inf; moment is zero as a result of an 
appropriate rudder deflection for the particular angles 
of ij/ chosen. 



DISCUSSION 



the chart indicates that conditions are critical only 
for low values of the effective dihedral^ (1° dihedral in 
the average case will give a value of the abscissa of the 
order of 2,2.) The effect of lateral force in this range 
is also criticalc ?or values of the abscissa above 5» tho 
lateral force has only a small effect on cho absolute an- 
gles of sideslip, For very low values of dihedral such as 
are encountered with many modern airplanes at low speeds with 
power on, the effect of the lateral force is large, 

^max^^o varying from 2 to infinity for the values of the 
parameter employed in the chart. 

As previously mentioned^ the chart strictly applies 
only when the sideslip velocity at the start of the maneu- 
ver is zeroc In the actual case some rolling or sideslip— 
ping will probc^.bly be present at the start of th^ maneu- 
ver. The rolling motion, according to the complete solu- 
tion of equation (1), will be quickly damped and will prob- 
ably have a negligible effect on tho ensuing motion. The 
sideslipping velocity at the start of the maneuver may vary 
from the value obtainable in the steady sideslip to sere, 
depending on the prior history of the motion, which in turn 
depends on tho violence of tho gust or tho manipulation of 
the controls producing tho banked attitude. In gusty air, 
where most interest attaches to the maneuver, it may be 
presumed that the disturbance will be violent and tho time 
to obtain the banked attitude small.. In this case condi- 
tions v;ill approach those assumed for the chart. For tho 
demonstration of the capabilities of an airplane to perform 
the maneuver, however 5 there may be relatively large 
amounts of initial sideslip, depending on how the banked 
attitude is obtained^ If a tur:a is entered and the angular 
velocity in yaw is stopp^jd when tho angle of bank becomes 
the desired value, tho sideslip velocity will approach 
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zero and tho conditions of the cliart vrlll "bo approsiisaat cd. 
Tlic values of sideslip accompanying the attainment of tlie 
"banked attit'adc by using the ailerons rrill depend on the 
speed uith vraich the "banked attitude is obtained and the 
time allcivod for "conditions to "become steady," The val>i»e 
^f^ of the ordinate, for zero value of the abscissa, ?rill ap- 

•-■^ ply as previously noted for the steady sideslip condition. 

If, for example. 



— - 0 o 5 



and 



P P 

6 /(ii 77ill lie hot^.7Ccn 4 and 0«5, a considerable 
^niax' ^o 

spread depending on the manner in which the initial banked 
attitude was obtained, Th^ probable value v/ill, of course, 
more nearly approach the lower limit. The effect of any 
initial sideslip can be taken into account by assuming a 
higher angle for the initial bank than is specified. These 
assumed higher angles of initial bank, 0o'» '^^^ values 
of (initial sideslip angle) greater than zero may be 

estimated from figures 1, 2, and 3. Per zero lateral 
force, the value of ^^n'/^^o given by the formula 



0 

/ 



^0 J 



where 8,,^,. is obtained from figure 1. When Cy = -0.50 
• -.ija.?*. ^ p 

and -1,00, figures 2 and 3 are tised to obtain 0oV0o "^^ 
first connecting the origin to the point having the ordi- 
nate pQ^^o ^-^^^ ^-^^ abscissa 1, This line will intersect 
the cu.rve having the desired value of \iJ^^ /C^^ , and the 

? 

reciprocal of the abscissa at this point of intersection 
gives 00* /^o' Computations of motion during aileron ma- 
neuvers indicate that where the banked attitude is obtained 
by use of the ailerons with the rudder being employed to 
hold a constant heading Pq/0o will vary from about 0.2 to 
0.35, depending on whether the specified attitude is at- 
tained in 1 or 3 seconds. 
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Figure 4 shows, for the range of the parameter [iC ? /Zi 

p 

considered herein^ the ti::ie to level the wing from the in- 
itially "banked position for values of Ov = 0 and -1.00, 

The time is tahen as equivalent to that required to attain 
the uaximum sideslip angle and is given in the nondimen- 
sional form, t/j, vrhere t, the characteristic tin:o 
unit for the airplane, is equal to m/^ SV. The chart in- 
dicates that conditions are only critical for I077 values 
of the dihedral angle wliore the tii^e to level the wing 
increases rapidly with decreasing values of the dihedral 
angle. Seyond a value of the abscissa of the order of 4.5 
(equivalent in the average case to an effective dihudral 
angle of about 2° to 3^), the curve for t/r flattens 
and the dihedral effect "bccoiaes small. 



ILLUSTRATIVE COivIFUTATIOil 



As an illustration of the use that can he made of fig- 
ure 1, the follo7;ing illustrative example is included. 
Pi-om unpublished v^ind-tunnel data on a modern low-wing 
monoplane with landing gear extended, flaps fully deflect- 
ed, and power on, the following data were taken: 
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39.5 


■b 




40.8 ft 


A 




5,55 






0.50 






-0.05 


% 




-0.455 
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Llaxinura angle of sideslip that can he held 
with riidder - 17^ 

from reference 3, figure 8, = -0.43 

P 

|JL hy computation for sea level = 50.7 

I^C. /C^ = 5.9 

P P 
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From figure 1, for jaC-r /C 7 - 5.9 and Cv = -0.456 

P P 
8 /d - 0 52. ^'or tliQ steady sideslip condition, 

,^ 6 /(^ = 4.39 from equation (5) or 07 interpolation from 

10 figure Ic If 00 - 10^, tiien the maximum angle of side- 

slip will fall between 5.2'^ and 43.9^. Even with alloTV- 
anco for the possible initial an;gle of sideslip, the par- 
ticular airplane should to atle to perform the maneuver 
satisfactorily. If ?>o/^o ^'"^ previously noted as 

probable for a normal entry by use of the ailerons and 
rudder, according to figure 2, ^q^^^o ^^'^^^^ I/0.8I or 
1.25. (i^ote dash lines on figure.) Tl^e valuo [i..-,-. -ider these 
conditions Tzill equal 6.5^. A steady sideslip with the 
wing doTrn IC^, ho?;ever, could not be made. 

The time to return the wing to level is coinputed from 
figure 4. This figure for the specified values of the 
parameters gives t/r as 0,44. As T equals 8.1, 5.6 
seconds will bo required for the wings to level out. 

Langley l;Ie;:iorial Aeronautical Laboratory, 

national Advisory Committee for Aeronautics, 
Langley Field, Va. 
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Figure 1.- Variation of maximum sideslip angle for a given initial bank 
with parameter [xC^p/C? ; - 2.00. 
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Figure 2.- Variation of sideslip angle with bank for various values of 
the parameter [iCi^/Ci^; Ci = 2.00; Cyj^ = -0.50. 
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Figure 4^- Variation of time to level wing (to attain maximum sideslip 
angle) with parameter ]^Zi^/Z\^\ Cl - 2.00. 
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